ABSTRACT: Field experiments were conducted on 2 subtidal sandflats to identify the short-term impacts of commercial scallop dredging on macrobenthic communities. The 2 sites (1400 m2) were situated 14 km apart, both at about 24 m depth, with similar exposure aspects and were characterised by infaunal communities dominated by small and short-lived species. Prior to dredging, preliminary sampling failed to reveal significant differences in the density of common macrofauna within each site, although community composition was distinctly different between sites The experiment was initiated by using a commercial scallop dredge to dredge half of each study site. Macrofauna samples were collected in both the dredged and adjacent reference plot at each site irnmed~ately after dredging and again 3 mo later. The density of common macrofaunal populations at each site decreased as a result of dredging, with some populations still significantly different from the adjacent reference plot after 3 mo. Significant compositional differences in the assemblage structure between dredged and reference plots were also recorded at each site over the course of the experiment. The f~n d~n g s of this experiment are considered a conservative assessment of bottom disturbance by fishing because of the area of seabed used, the types of community present and the intensity of disturbance used in the experiment. The findings of this and similar short-term experiments are discussed in light of the need to predict and assess possible large-scale changes to benthic communities as a result of habitat disturbance by fishing.
INTRODUCTION
With the increasing utilisation of fishery resources around the world there is growing concern about the potential for extensive impacts on marine ecosystems. The ecological consequences of a variety of other human activities that modify coastal ecosystems (e.g. urbanisation, reclamation and pollution), although often intense, usually occur on a far more localised scale than the extensive area exploited by commercial fishers. In fact, the spatial and temporal extent of con]-mercial fishing activity has been a major factor limiting our ability to identify interactions between fishing activity and the broad-scale structure and functioning of marine ecosystems. This is unfortunate because the issue of the environmental effects of fishing is important, not solely for conservation, but also because exploited species are integral components of natural systems; any broader effects of their exploitation are likely to have important ramifications for the fishing industry, its management and sustainability.
A number of recent studies have highlighted the variety of effects that can occur as a result of fishing (de Groot 1984 , Aronson 1990 , Messieh et al. 1991 , Jones 1992 , Whitman & Sebens 1992 . A potentially important mechanism whereby fishing may influence benthic communities is habitat disturbance by bottom dredging and trawling. Without direct measurements of the spatial distribution and frequency of fishing disturbance, the appropriate scales from which to assess the potential impact have been difficult to resolve. However, some studies indicate the potential for long-term ecosystem-w~de changes due to bottom disturbance by fishing (e.g. Wadden Sea, Riesen & Reise 1982; English Channel, Holme 1983; Australian North West Shelf, Sainsbury 1988) . These studies indicate the need to consider impacts over a variety of spatial and temporal scales, ranging from the immediate effects of short-term differences in and out of individual trawl or dredge tracks, to long-term changes in the structure and functioning of benthic communities in fishing grounds. In most cases a rigorous assessment of the effects of habitat disturbance by fishing is not possible. The lack of pre-fishing data precludes the use of BACI impact assessment procedures (Green 1979 , StewartOaten et al. 1986 , Underwood 1992 . The large space and time scales over which fishing operates further complicate the situation, making it difficult to identify areas which have not already been modified by previous exploitation and to locate comparable control/ impact sites. However, small-scale experiments that focus on effects at the scale of an individual trawl or dredge track are possible; here we present the results of an experiment designed to identify short-term (up to 3 mo) effects of scallop dredging on macrobenthic communities. The problems involved in utilising information gained from small-scale experiments such as this, to predict and test for effects over larger scale, are also discussed.
METHODS
Experiments were conducted in the Mercury Bay area (36" 45' S, 175" 50' W) of the Coromandel Peninsula, New Zealand. Two locations were selected for the experiment, these were chosen on the basis of local knowledge of scallop dredging activity, and for similarities in water depth and exposure aspect. The 2 locations selected were about 14 km apart, one in an area regularly exploited by commercial scallop fishers (Opito Bay) and the other in an unexploited area (Hahei).
Based on preliminary diving observations at each location, a representative site (70 X 20 m) was chosen. Sub-surface marker buoys were used to permanently mark the corners of each site and a series of metal stakes were placed down the middle of the site. On each sampling occasion, a transect line marked at 1 m intervals was run along the metal stakes and used to find sampling locations determined by random selection of cartesian coordinates for each side of the transect llne.
Prior to the actual experiment, 15 randomly positioned cores (10 cm diameter, 15 cm depth) were collected by SCUBA diving to describe the macrobenthic community and determine any spatial variation within each site. Observations of habitat type and the densities of large epifauna were also made while SCUBA diving. Surface sediment samples (0 to 5 cm depth) were collected haphazardly from each site. For each site, these samples were pooled prior to grain size analysis following the methods described in Folk (1968) .
The experiment was initiated in late April 1991, 3 .cvk after preliminary sampling, by running a commercial scallop dredge through half of each study site. The commercial fishing vessel used a box dredge (about 2.4 m wide) typical of those used by local scallop fishers. This type of dredge is only used in New Zealand and Australia and is similar to that described by McLoughlin et al. (1991) . Although the penetration depth of the dredge into the seabed is influenced by a variety of factors, under the conditions used in this experiment we expected the dredge to drag across the sediment. A tooth bar, with teeth about 10 cm long, fitted to the lower leading edge of the dredge, scored the sediment surface. Surface buoys were positioned over the central transect line and 5 parallel dredge tows were made along the long axis of each site, to create a dredged plot and an adjacent reference plot. At both sites core samples were collected by SCUBA diving, within 2 h of dredging and again 3 mo later. On both of these sampling occasions 12 core samples were collected from random locations in each of the dredged and reference plots. Observations of sediment conditions and epifauna were also made.
Macrofaunal core samples were sieved on a 500 pm mesh. The residue from each sample was fixed in 5 % formalin and 0.1 % Rose Bengal in seawater. In the laboratory macrofauna were sorted, identified to the lowest practical taxonomic level, counted and preserved in 70 % isopropanol.
Tests of significant differences between plots and times were conducted on the densities of common taxa (i.e. taxa represented by an average of greater than 2 individuals per core). The significance of differences between dredged and reference plots, between occasions, and their interactive effects were assessed using 2-way ANOVA, with both factors treated as fixed effects. Data from Hahei and Opito Bay were treated separately because the macrobenthic communities at each site were distinctly different. Data were initially analysed to assess normality (Shapiro-Wilk test) and homogeneity of variance (Levene's test). For taxa which could not meet these assumptions, the data were rank transformed prior to ANOVA (Conover & Iman 1981) . Statistical signiflcance was attributed to univariate tests at the 10% level. While this a priori decision allows for greater probability of falsely concluding that a significant effect exists (i.e. making a Type I error) than the traditional level of 5 % , it is important that due regard also be paid to Type I1 error (i.e. falsely concluding that no effect exists when there really is one). Type I1 error is at least as important as Type I error when documenting impacts on the environment and when providing information with implications for resource management (see Eberhardt & Thomas 1991 , Fairweather 1991 , Peterman & M'Gonigle 1992 , Peterson 1993 for further discussion).
The compositional differences between the macrobenthic assemblages found in the dredged and reference plots and through time were assessed using the Bray-Curtis similarity index (Bray & Curtis 1957) followed by multi-dimensional scaling (MDS) ordination (Kruskal & Wish 1978) . This technique is frequently used to assess changes in community structure associated with environmental impact (Clarke 1993 , Warwick 1993 . In all cases MDS ordinations presented are based on untransformed data and had stress levels <0.15. Differences in assemblage composition between plots and times were assessed using ANOSIM, a randomization/permutation procedure that tests for differences in the ranked similarity matrix, both in terms of location and variability (Clarke & Green 1988) .
RESULTS

Preliminary sampling
Mean sediment grain size at both sites was characterised as coarse sand (Table 1 ). Sediments at Hahei were well sorted with a slightly coarse skewed distribution. Observations of the sediment surface at Hahei indicated sediment? were homogeneous over the site and composed of small sand ripples (c10 cm high). The sediment surface at the Opito Bay site consisted of an unrippled sandflat with a large fraction of shell hash. This resulted in sediments being characterised as poorly sorted and strongly coarse skewed (Table 1) . Common epibenthic animals at both sites were all mobile and included starfish Astropecten Tests on all common taxa, the total number of individuals and number of taxa from the macrofaunal samples collected prior to experimental dredging failed to identify any significant pre-experiment location differences within either of the sites (Table 2) The community composition was distinctly different between the 2 sites, with crustaceans more common at Hahei and polychaetes more common at Opito Bay ( Table 3 ). The MDS ordination ( Fig. 1 ) also demonstrated distinct differences between the 2 sites, with samples from Opito Bay showing higher variability in assemblage composition than those from Hahei. ANOSIM assessment of differences in the ranked similarity matrix revealed a n overall significant difference between the 2 sites (p = 0.002). Of the common taxa at Hahei, the crustaceans of the Phoxocephalid complex, Tanaidae 1, and Urothoe spp., and the polychaetes Aricidea sp., Onuphis aucklandensis, and Prionospio multicristata, all showed consistent significant differences between the dredged and reference plot, while the crustacean Pachychelium sp, and the bivalve Nucula nitidula showed significant differences on at least one sampling occasion (Fig. 2 , Table 4 ) . For all of these taxa densities were lower in the dredged plot on the first sampling occasion. Three species (the crustacean Leucon ?latispina, the polychaete Euchone sp., and the bivalve Felaniella
The impacts to the seafloor observed by SCUBA zelandica) showed significant density changes over time. These taxa did not show a significant effect due to dredging. The remaining common taxa were usually those with low and/or variable densities, i.e. the crustaceans Gynodiastylis laevis and Ostracods. Although they did not show significant differences, a general pattern of lower mean densities in the dredged plot in comparison to the reference plot is apparent on the first sampling occasion (Fig. 2) . The total number of individuals was significantly lower in the dredged plot on both sampling occasions (Fig. 2, Table 4 ). The number of taxa was lower in the dredged plot only on the flrst sampling occasion, accounting for the significant plot X time interaction (Table 4 ). The MDS ordination from Hahei demonstrated differences in both location and spread of core samples collected in dredged and reference plots over time (Fig. 3) . ANOSIM assessment of differences in the ranked similarity matrix demonstrated an overall difference between factors (p = 0.002) due to differences between dredged and reference plots on each sampling occasion (p < 0.05 respectively). Macrobenthic samples collected on the preliminary sampling occasion and from the reference plot on the other 2 sampling occasions were not significantly different from each other.
Effects on macrofauna at Opito Bay
Temporal changes in the density of resident species appeared to be common at the Opito Bay site over the 3 mo of the experiment. Five taxa (i.e. the crustaceans Gammaridae and Ostracods, the polychaetes Euchone sp. and A~acroclymenella stewartensjs, and the bivalve Felaniella zelandica) showed significant density changes with time (Table 5) . Patterns of density change between the dredged and reference plot were (Fig. 4 ) . Some taxa, however (i.e. the crustacean Gynodiastylis laevis, the polychaetes, Goniadides sp. and Macroclymenella stewartensis, and the bivalve Caryocorbula zelandica), showed a marked increase in density in the dredged plot by the second sampling occasion (Fig. 4) . This pattern may result from either preferential settlement into the dredged plot (possibly by Caryocorbula zelandica and 1Vacroc1ymenella stewartensis) or colonization by scavenger/predators ( e . g . Goniadides sp.). As at Hahei, those common taxa exhibiting low and/or variable densities (i.e. the crustacean Phoxocephalid complex, and the polychaete Prionospio multicristata) did not show significant differences (Table 5) . Both the total number of individuals a n d the number of taxa recorded significant site effects (Table 5 ). The MDS ordination of macrobenthic samples from Opito Bay demonstrate differences in assemblage structure both over time and as a result of dredging (Fig. 5) . ANOSIM assessment of differences in the ranked similarity matrix demonstrated an overall difference between factors ( p = 0.002). Not only are samples from the dredged, plot significantly different to those from the reference plot (p < 0.05). but samples collected at each time from the reference plot are significantly different from each other (p < 0.05) consistant with the strong temporal changes apparent from the univariate analvsis at this site. 
DISCUSSION
This experiment has demonstrated that macrobenthic community structure in dredged areas differed from undredged areas for at least 3 mo at each study site. At both sites significant differences in community structure and in the densities of common macrofaunal taxa were apparent immediately after dredging At both sites over 50% of the common taxa showed significant plot effects and/or plot X time interaction effects. The initial responses were all negative, with lower densities in the dredged plot than in the adjacent reference plot. The responses noted 3 mo later were more complex, with differences between the 2 sites. Effects were more pronounced and more often negative at the site that was not commercially exploited (Hahei). Multivanate analysis of community composition also demonstrated differences in assemblage composition between dredged and reference plots at both sites over the course of the study. Differences in the recovery processes at the 2 sites are likely to relate to differences in the initial community composition and to differing environmental characteristics. As only 1 dredged and 1 reference plot were studied at each site, it is possible that the observed responses were purely location effects (see Underwood 1989 for further discussion of this problem). However, if this was the case we would expect the analysis of preliminary data collected from each site prior to experimental dredging to have suggested significant differences in the density of common taxa between the 2 plots. This was not so and in view of the size (about 700 m2 each), proximity and similar physical characteristics of the plots, as well as the types of observed response of the macrofauna, w e consider such a location effect to be unlikely.
Our experimental assessment of the short-term T effects of scallop dredging on macrobenthic communi- hence resulting in a far higher level of bottom disturbance than that used in our experiment. Furthermore, the macrobenthic communities resident at the experimental sites were composed almost entirely of small, short lived species. Effects on these animals are likely through modifications to their habitat, exposure to predators, and resuspension and subsequent transport in the water column. Only a small proportion are expected to be directly crushed and none removed as by-catch. In many other habitats, extensive and repeated fishing disturbance will remove large and long-lived surface and near surface dwelling sedentary organisms (Sainsbury 1988 , Rice et al. 1989 , Bergman & Hup 1992 , Eleftheriou & Robertson 1992 and select for species with a facultative response to disturbance, with com.munities becoming dominated by juvenile stages, mobile and rapid colonist species. In our 2 study sites the communities were already dominated by small a n d short-lived species, d u e to either natural environmental conditions or fishing pressure, and are therefore less likely to show effects than other community types. Larger organisms, particularly starfish, which could not be quantitatively sampled in our experiment, were collected in the by-catch. That the effects on small sediment dwelling animals lasted 3 mo reflects the strength of the benthic community response to this kind of disturbance.
Other experiments on benthic communities have also demonstrated negative effects of habitat disturbance by fishing (Meyer et al. 1981 , Peterson et al. 1987 , Bergman & Hup 1992 , Eleftheriou & Robertson 1992 . Modifications to sediment texture and microbial activity (e.g. Churchill 1989 , Mayer et al. 1991 , or the resuspension of contaminants and increases in benthidpelagic nutrient fluxes (e.g. Krost 1990 ) have also been demonstrated. However, fishing effects on macrofaunal communities a r e not always apparent. Brylinsky et al. (1994) found no significant effects on intertidal macrofauna after flounder trawling, even though physical conditions were visibly impacted for 2 to 7 mo. The lack of significant effects was attributed to the predominance of subsurface feeding polychaetes and the naturally high levels of storm and ice disturbance in the habitat. In ad.dition the power to detect significant effects was not considered by Brylinsky et al. (1994) .
While many studies have revealed influences on the structure and function of benthic systems, it is often difficult to assess the generality of the11 findings and their long-term and large-scale significance. Correlative surveys, feasible over larger spatial and temporal scales, have been used to infer broader changes in the density of long-lived species or the structure of benthic communities (Sainsbury 1988 , Hutchings 1990 , Langton & Robinson 1990 , Witbaard & Klein 1994 , but often can not confidently attribute this change to bottom disturbance by fishing activity. The disparity between effects that can be demonstrated by small-scale field experiments and potential larger scale effects is a problem needing to b e carefully and explicitly addressed. For example, the removal of large surface dwelling organisms, as well as the homogenisation of sediment characteristics, will reduce the spatial heterogeneity in benthic communities. Heterogeneity is a n important component of the function of ecological systems (Kolasa & Pickett 1991 , Giller et al. 1994 , Legendre 1994 , and reductions in heterogeneity over large spatial and temporal scales has implications for the maintenance of diversity and stability at the population, community and ecosystem level (e.g. De Angelis & Waterhouse 1987, Pimm 1991). Theoretical and field based ecological studies of features such as heterogeneity, and processes such a s disturbance/recovery can be used to make predictions of potential environmental effects and impacts on the sustainability of fisheries. Such predictions need to take into account the effect of local biotic interactions (e.g. indirect effects on community structure that can occur in response to predator removal; Sih et al. 1985 , Kneib 1991 and larger-scale environmental features (e.g. variations in the frequency and intensity of storm disturbance of the seabed; Hall et al. 1990 , Brylinsky et al. 1994 , Hall 1994 which are likely to influence the identification of any fishing effects. Apart from the influence of physical and biological environmental features, the intensity, frequency and gear used in a particular fishery also needs to be considered in developing hypotheses about potential fishing impacts.
There are a number of approaches that could be taken to provide much needed information on the large-scale changes to natural systems and the sustainable exploitation of resources. Recognition of the possible risks to the environment and the sustainability of resources, through the use of the precautionary principle (Bodansky 1991 , Ludwig et al. 1993 , by envircnmental or fisheries managers can, to some extent, overcome the problem of identifying cause and effect relationships over large scales. However, information identifying the degree to which fishing alters marine ecosystems over large spatial and temporal scales will still be useful in providing advice on sustainable exploitation of resources to managers Adaptive management strategies (Walters & Holling 1990) could be used as the basis of large experiments, to test predictions of ecological effects and gain much needed information on large-scale effects (Hilborn & Walters 1.981) . Marine protected areas (Agardy 1994 ) may provide suitable controls against which to assess fishing impacts. But, a s well a s t h e n e e d for a d e q u a t e control a n d replication, t h e s e a p p r o a c h e s also require a commitment to t h e sustained collection of appropriate data to identify ecological c h a n g e s , a s currently little information is available to specify appropriate time scales over which to assess c h a n g e . T h e most straightforward a n d readily applicable a p p r o a c h is to conduct surveys over appropriately large scales to test a priori predictions gained from theoretical a n d small-scale field studies. A variety of design a n d analytical techniques exist that not only e n a b l e differences in a b u n d a n c e to b e identified from survey d a t a b u t also indicate w h y such differences exist (Eberhardt & T h o m a s 1991, L e g e n d r e 1994).
T h e experiment presented h e r e described shortterm c h a n g e s i n macrobenthic conlmunity structure, associated with bottom disturbance from commercial fishing. As pronounced c h a n g e s c a n b e identified for a 3 m o period after a single disturbance e v e n t in a small a r e a dominated by small a n d short-lived species, there is t h e potential for m u c h longer lasting c h a n g e s to ecosystem structure a n d function a s a result of commercial fishing practices. However, assessing possible large-scale c h a n g e s is difficult a n d predicting their effect o n ecosystem function a n d sustainability of fish resources is e v e n m o r e problematic. If studies s u c h a s this a r e integrated with large-scale surveys, designed to test appropriately constrained predictions concerni n g differences in habitat heterogeneity, biodiversity, life history characteristics of resident species, densities of epifauna a n d effects o n harvestable species, this should provide a practical m e c h a n i s m to assess t h e large-scale consequences of fishing within marine ecosystems (Eberhardt & T h o m a s 1991) . This a p p r o a c h should b e particularly effective in providing a n appropriate balance b e t w e e n confidence in results a n d t h e generality of t h e findings.
